Abstract: Diel vertical migration and cellular division processes of Akashiwo sanguinea were investigated in the Ariake Sea in August 2009. The investigation was carried out in the inner part of the Sea for 24 h from 8:00 on 14 August. Water samples were collected every 2 hours, and the temperature, salinity, and chlorophyll fluorescence were monitored hourly. To calculate the in situ growth rate, the duration of the cell division was investigated using incubation experiments in a laboratory. In the Ariake Sea, cells of A. sanguinea were abundant in the subsurface layer in the daytime and at a depth of 4 or 5 m at night. In contrast, cells were mostly absent in the deeper layer in the daytime and in the subsurface layer at night. Downward migration seemed to start at 14:00, indicating that dusk is not the cue for migration. A dense patch was formed at a depth of 5 m from 20:00 to 4:00. The highest frequency of dividing cells was recorded at dusk (18:00) in the Ariake Sea and at light-dark transition (circadian time 14) in the laboratory. The estimated duration of cell division was 1.29 h, and the estimated in situ growth rate was 0.45 d Ϫ1 . The present study demonstrated that cells of A. sanguinea actively divided in the deeper layer (3.5 to 5 m) from 18:00. To predict red tide occurrence by vertically migrating species, the migration pattern and the growth rate in the natural environment should be further clarified for each species.
Introduction
Akashiwo sanguinea (Hirasaka) Hansen et Moestrup is a representative red tide-causing dinoflagellate in tropical-totemperate coastal waters (Kiefer & Lasker 1975 , Domingos & Menezes 1998 , Gómez & Boicenco 2004 , Lu & Hodgkiss 2004 ). In the Ariake Sea, Western Japan, this microalga dominates during the warm water season and sometimes causes bloom (Yamaguchi unpubl). Recently, Matsubara et al. (2007) reported its growth response to light, temperature, and salinity. However, the bloom developmental process for this alga has not yet been clarified.
This phytoplankter exhibits diel vertical migration behavior (Kamykowski & Zentara 1977 , Cullen & Horrigan 1981 , Fiedler 1982 , Park et al. 2002 , which probably plays a crucial role in the development of the population when a water column stratifies. The vertical migration behavior in relation to environmental conditions has been studied mainly in the laboratory (Cullen & Horrigan 1981 , Park et al. 2002 . The behavior in the natural environment has also been described. However, the frequency of sampling has to date been insufficient to learn the details of the upward and downward migration. In addition, the water column depth is different in each system. Thus, detailed information regarding the behavior of A. sanguinea in natural environments should be accumulated for each ecosystem to clarify the bloom-development process.
In order to elucidate the bloom-development process, it is essential to have information on the growth of an alga in the natural environment. However, due to the vertical migration behavior of A. sanguinea, it is quite difficult to evaluate its growth in the natural environment using only a bottle incubation experiment. Counting the dividing cells provides a substitute for the bottle incubation experiment. The time series data for the frequency of dividing cells allows the calculation of the in situ growth rate without incubation, although this calculation requires the cell division duration time.
Generally, high numbers of samples should be counted within a day to study diel vertical migration in a natural environment. However, due to the difficulty of fixation of this naked dinoflagellate, sample preservation has been almost impossible. Recently, we developed a new fixative for Chattonella cells and found that it was also useful for A. sanguinea (Katano et al. 2009 , Fig. 1 ). Loss of A. sanguinea cells by fixation with Hepes-buffered paraformaldehyde and glutaraldehyde solution is negligible, while that with Lugol solution is significant. In the present study, we investigated the diel vertical migration of a natural population in the Ariake Sea using the newly developed fixation protocol. In the investigation, we evaluated the frequency of dividing cells to determine the cell division time and to calculate the in situ growth rate. For this calculation, we also conducted incubation experiments to estimate the duration of cell division.
Materials and methods

Field observation
The investigation was carried out at station SX2 (N33°06Ј01Љ, E130°12Ј24Љ, Fig. 2 ) starting at 8:00 on 14 August 2009. Water depth at the station ranges between 4 and 9 m at spring tide. The water temperature, salinity, and chlorophyll fluorescence were measured every hour using AAQ1183 (JFE Advantech, Japan). The Secchi depth was also measured in the daytime. Solar irradiance was monitored at 10-second intervals from 6:10 on 14 August to 8:50 on 15 August using a quantum sensor from a boat (S-LIA-M003, Onset, USA). Water samples were collected with a Van Dorn water sampler every 2 hours. A portion of the sample was fixed with a fixative (glutaraldehyde 1%, paraformaldehyde 1%, 30 mM Hepes pH 7.4, 0.5 M sucrose at final concentrations; Katano et al. 2009 ). At 12:00 and 18:00 on 14 August and at 0:00 and 6:00 on 15 August, another portion was filtered with a dismic filter (pore size 0.45 mm) for the determination of nutrient concentrations. Cells of Akashiwo sanguinea in up to 4 mL of the fixed sample were counted with a microscope. Frequency of dividing cells (Fig. 3 ) was evaluated with a microscope for Ͼ500 cells, including both dividing and non-dividing cells. The nitrateϩnitrite, ammonium, and phosphate concentrations were measured with an autoanalyser according to the manufacturer (SWAAT, BL Tec, Japan).
Laboratory experiment
A strain (KYAS01) of Akashiwo sanguinea isolated from the Yatsushiro Sea was used for the evaluation of the cell division duration time. An experiment was carried out using SWM3 media (salinity 28) at 26°C under a light condition of 150 mE m Ϫ2 s Ϫ1 14 L : 10 D cycle. Temperature and salinity conditions simulating those of the Ariake Sea during the investigation were used (14-15 August 2009). Duplicate cultures in the exponential phase were used for the experiment. A portion of the sample was collected at 2-hour intervals from circadian time 2 (CT2) for 24 h. Samples were immediately fixed as reported above. At least 500 cells were evaluated for the determination of the frequency of dividing cells for each sample. 
Calculation
The growth rate (m ) was calculated from the fraction of cells undergoing mitosis as follows (McDuff & Chisholm 1982) : , where fi is the fraction of cells undergoing mitosis, n is the sample number for a 24-h period, and td is the duration of mitosis. We applied this equation assuming dividing cells to be cells undergoing mitosis. The growth rate was calculated from changes in cell density during the incubation experiment as follows:
, where N0 and Nf are the cell densities at time zero and after the incubation, respectively, and t is the incubation period of one day. From the incubation experiment, we calculated td. Moreover, from the frequency of dividing cells in the Ariake Sea and the td, the in situ growth rate was calculated. Samples for the evaluation of frequency of dividing cells were determined by the vertical distribution of chlorophyll fluorescence in most cases (Table 1) .
Results
Physical and chemical environments during the field observation
Weather during the investigation was fair in the daytime and rainy at night. Solar radiation reached 2000 mE m Ϫ2 s
Ϫ1
at noon (Fig. 4) . Sunset on 14 August was at 19:06, and sunrise on 15 August was at 5:41. The water temperature ranged from 26.4 to 29.9°C, and the water column was thermally stratified (Fig. 5 ). From 2:00 to 4:00 on 15 August, the salinity at the surface suddenly decreased from 28.7 to 25.4 (Fig. 5) , probably due to the freshwater input from rivers as a result of heavy rain during the investigation period. Indeed, the Acoustic Doppler Current Profiler (ADCP) at the station revealed that a front passed at the same time (data not shown). The nitrate ϩ nitrite concentration did not show any trends in the vertical profile ( Fig.  6 ). At 12:00 on 14 August, the nitrate ϩ nitrite concentration was the highest at the surface, while the vertical profile was bimodal at 18:00 on 14 August. The concentration of nitrate ϩ nitrite was relatively low (0.43-2.21 mmol N L Ϫ1 ) compared with that of ammonium (0.37-6.30 mmol N L Ϫ1 ). The phosphate concentration was high (Ͼ1.1 mmol P L Ϫ1 ) and was apparently not a limiting factor for growth of the alga.
Diel vertical migration of Akashiwo sanguinea in the Ariake Sea
The cell density of Akashiwo sanguinea ranged from 0 to 130 cells mL Ϫ1 (Fig. 5) . Dominant taxa other than A. sanguinea observed in the samples were the raphidophycean, Chattonella; dinophyceans, Prorocentrum and Ceratium; and bacillariophyceans, Chaetoceros and Thalassiosira. Cells of A. sanguinea were abundant at depths between 1 and 3 m in the daytime (Figs 5, 7) . The cells were uniformly distributed in the whole water column at 18:00. From 20:00, high numbers of cells were found at 5 m, where the highest value was recorded at 2:00. This vertical distribution continued until 4:00. At 6:00, the cell density increased at 3 m (Figs 5, 7), indicating that the upward migration had already started. The next morning (8:00, 15 August), most 
Frequency of dividing cells of Akashiwo sanguinea in the laboratory experiment
The frequency of dividing cells in the laboratory experiment was high at CT12 and CT14 (4.04 and 4.99%, respectively; Fig. 8 ). The value decreased after CT14. Desmoschitic (Pfiester & Anderson 1987) cell division was observed during the dark period. Dividing cells, observed in the samples obtained from laboratory and the Ariake Sea, are shown in Fig. 3 (Fig. 3a, b, d , e, g, and h). The oblique division started with splitting at the sulcus. By late division, cells were loosely attached at the epicone of the daughter cell. The growth rate was 0.35 d Ϫ1 from the changes in the cell density during a 24-h cycle. The duration of cell division was calculated as 1.29 h.
Frequency of dividing cells of Akashiwo sanguinea in the sea and the in situ growth rate
The frequency of dividing cells in the Ariake Sea peaked at 18:00 and gradually decreased until 22:00 (Fig. 9) . In the daytime, dividing cells were not detected in most cases. Our results clearly demonstrate that the cell division of Akashiwo sanguinea was well synchronized. Cell division also occurred from 18:00 to 22:00 in the deeper layer. Using the duration of 1.29 obtained from the laboratory experiment, the in situ growth rate was calculated as 0.45 d
Ϫ1
.
It should be noted that the frequency of dividing cells could not be evaluated at the peak depth in the vertical distribution in some cases (Table 1 , Fig. 7 ). As mentioned above, samples for the evaluation of the frequency of dividing cells were determined by the vertical distribution of chlorophyll fluorescence in most cases (Table 1, Fig. 5 ). At 16:00 and 18:00 on 14 August and at 6:00 on 15 August, we collected water samples at 3 m (16:00, 14 August), 3.5 m (18:00, 14 August), and 3 m (6:00, 15 August) since chlorophyll fluorescence did not show distinct peaks in the vertical distributions (Fig. 5) . During the nighttime, chlorophyll fluorescence showed a bimodal distribution; high values were detected at depths of 0-2 m and 4-5 m (Fig. 5) . In these cases, we collected water at the deeper peaks for the estimation, since the cell density was high. At 14:00 on 14 August, maximum chlorophyll fluorescence was detected at 1.5 m; however, the cell density was highest at 3 m (Figs 5, 7). As a result, at 14:00 and 18:00 on 14 August and at 6:00 on 15 August, we could not evaluate the frequency of dividing cells at the peak depth of the vertical distribution.
Discussion
Accurate measurement of the in situ growth rate of algal species exhibiting vertical migration is essential for the prediction of population development. The vertical migration behavior is also an important process that appears to play a crucial role in the growth, movement, and possibly initiation of blooms. However, neither the in situ growth rate nor detailed information on vertical migration, such as the timing of the ascending and descending migrations and the vertical positioning in the natural environment, have yet been described for Akashiwo sanguinea. The present report is the first in which the in situ growth rate is estimated and the diel vertical migration pattern in a natural environment has been studied. Although the data shown in the present study are from one field survey, our sampling was done in the bloom-development period. Indeed, the A. sanguinea population formed a red tide in late September in the Sea (data not shown). Thus, our data may provide important in- sight into bloom development.
Accurate estimation of the in situ growth rate using the frequency of dividing cells depends on three assumptions: (1) the duration of cell division is constant under varying conditions; (2) the duration is identical for all cells in a population; and (3) all cells in a population are active (Campbell & Carpenter 1986 , Tsujimura 2003 . Tsujimura (2003) found that the frequency of dividing cells of a cyanobacterium, Microcystis, did not become 0 during the 24 h of the experiment. He suggested that the minimum fraction of dividing cells during a 24-hour cycle corresponds to the portion of inactive cells (Tsujimura 2003) . However, this was not the case for the present study. The fraction of dividing cells became 0% during the daytime, suggesting that the dividing cells observed at dusk had divided before dawn.
The duration of nuclear division of Ceratium is affected by temperature (Weiler & Eppley 1979) . The duration increases under lower temperature conditions (Weiler & Eppley 1979) , causing an error in the estimation of the growth rate. In the present study, the experiment was conducted under the same temperature conditions as those in the environment in order to prevent such an error. Therefore, the effect of temperature on the duration is inconsequential in the estimation of the growth rate in the present study. However, Weiler & Eppley (1979) also pointed out that the duration of nuclear division was shorter than that in the natural environment. Currently, we have insufficient information to reach a conclusion regarding nuclear division; however, the duration of cell division under various conditions, such as different nutrient concentrations and/or light intensities, should be further evaluated.
Although the estimation of growth rate from the frequency of dividing cells includes several issues likely to cause error, an advantage is that this method does not require incubation. The vertically migrating species move between two layers within a day, when light and nutrients are vertically separated (Cullen & Horrigan 1981) . In such a situation, it is difficult to measure growth rate using bottle incubation experiments. Thus, we believe that this technique is useful for the estimation of the growth rate of vertically migrating dinoflagellates or raphidophytes.
The results of the present study demonstrate that A. sanguinea cells divided at a depth of 3.5-5 m during the nighttime (Fig. 5) . The in situ growth rate was calculated as 0.45 d
Ϫ1
, suggesting that the A. sanguinea population increased 1.56 times in cell density during the investigation. The value was higher than that observed in the laboratory (0.35 d
). Although the reason for this result is currently unknown, the natural population seemed to develop actively during the investigation.
The frequency of dividing cells reached a maximum at dusk (18:00) in the Ariake Sea (Fig. 9) and at the light-dark transition (CT14) in the laboratory (Fig. 8) , which suggests that the frequency of dividing cells at dusk can be an indicator of the in situ growth rate, assuming that the population cell cycle is synchronized. This estimation is quite simple and possibly accurate, although 2-hour interval sampling is quite laborious and sometimes dangerous in natural environments. Further information should be accumulated to generalize the cell division pattern and the relationship between the frequency of dividing cells at dusk and the daily growth rate.
Downward migration started 5 hours before sunset (Figs 5, 7) , suggesting that dusk is not the cue for the descending migration in A. sanguinea. At 14:00, the peak in cell abundance in the vertical profile (3.5 m) was twice as deep as the Secchi depth (1.8 m; Fig. 7) . Cullen & Horrigan (1981) thoroughly studied the diel vertical migration behavior of A. sanguinea in a laboratory tank. In their data, the peak in cell abundance did not change until at least 15:00, 4 hours before sunset, although downward migration was detected 1 hour before sunset. Kamykowski et al. (1998) demonstrated that cells of Karenia brevis (Davis) Hansen et Moestrup (ϭ Gymnodinium breve Davis) in the surface layer showed lower protein and carbohydrate contents than did cells in the deeper layer, suggesting the presence of a biochemical influence on the vertical migration behavior. Such an intercellular condition can be a cue for the downward migration for A. sanguinea, although precise information is still unavailable.
In the daytime, cells of A. sanguinea did not form a patch at the surface (Figs 5, 7) . Surprisingly, cells were not found at the surface at 12:00 (Fig. 7) . Similar vertical positioning in the daytime has been reported for this species (Cullen & Horrigan 1981 , Fiedler 1982 . Cullen & Horrigan (1981) reported that A. sanguinea migrated to the subsurface layer when nitrate was depleted under an irradiance of 250 mE m Ϫ2 s
, which is close to the saturating intensity required for its photosynthesis. Ault (2000) demonstrated that the dinoflagellate Prorocentrum triestinum Schiller migrates vertically to maximize its photosynthetic rate. The maximum photosynthetic rate of the alga occurred at a depth of 0.5 m, where the cell density was also the highest (Ault 2000) . These cells may respond to the environmental light conditions.
Another important finding of the present study is that the cells remained at a depth of 5 m in the nighttime (Figs 5, 7) . It has already been revealed that A. sanguinea can swim through large temperature gradients (Kamykowski & Zentara 1977 , Cullen & Horrigan 1981 ) and the cells accumulate below the thermocline in the nighttime, which is consistent with our results (Figs 5, 7) . However, these cells did not migrate to the bottom of the water column. A similar vertical migration pattern had been already observed in August 2005 in Isahaya Bay of the Ariake Sea (Yamaguchi unpubl). Hourly CTD observations revealed that a highchlorophyll patch appeared at depths between 5 and 7 m during the nighttime and between 1 and 2 m during the daytime when the A. sanguinea bloom occurred.
The migrating depth during the nighttime appears to be important for the uptake of nutrients at depths where surface nutrients are exhausted. For example, Chattonella spp., which also cause blooms in the Ariake Sea, can migrate to a depth of 7.5 m during the nighttime to take up nutrients (Watanabe et al. 1995) , while A. sanguinea could not migrate to a depth greater than 5 m (Figs 5, 7) . When nutrients are available at depths greater than 6 m, Chattonella can efficiently utilize such deep nutrient sources to develop its population. On the other hand, in such a case, A. sanguinea hardly uses such deep nutrient sources. Therefore, the vertical profile in the nutrient concentration and the migrating depth during the nighttime are important to predict the blooming species in the environment.
The nutrient concentration showed no obvious trend in the vertical profile, however (Fig. 6 ). At 0:00 on 15 August, the ammonium concentration tended to be high in the deeper layer, but the concentration at 4.5 m was 2.01 mmol N L
. In addition, the nitrate + nitrite concentration was high in the surface layer at 12:00 on 14 August and at 6:00 on 15 August. Since we did not examine the nutrient uptake, it is uncertain whether A. sanguinea cells received any benefit from the nocturnal uptake of inorganic nitrogen. As the nutrient concentration did not show a clear trend in the vertical profile, the nutrient concentration did not seem to have regulated the vertical migration behavior during the investigation.
Since the Ariake Sea is a meso-tidal shallow estuary, the horizontal advection of algal cells may be an important process in the formation of a red tide in the Sea. Although the present study was carried out at the neap tide, such advection could have occurred. ADCP data at the station during our study revealed that the current speed was up to 0.4 m s -1 . In our data, we did not find any sudden decrease or increase in the cell density at the station. Thus, we believe that we can successfully track the same patch in the Sea.
The vertical migration behavior is primarily controlled by an endogenous circadian rhythm (Van Dolah et al. 2008) , which is usually established by the diel light-dark cycle. However, it is also well known that this behavior is responsive to several kinds of internal and environmental factors, such as the nutrient condition of cells (Kamykowski et al. 1998) , the ambient nutrient concentration (Doblin et al. 2006) , the salinity gradient (Bearon et al. 2006) , and the temperature gradient (Kamykowski & Zentara 1977 , Cullen & Horrigan 1981 . The behavior itself, such as the swimming speed, differs among species, which suggests that the regulatory mechanisms for the vertical migration behavior differ among species. To understand the bloom-development process of a phytoplankton species and to predict which species will be dominant, the regulatory mechanisms of the vertical migration as well as the in situ growth rate should be carefully investigated for each species. In particular, to generalize the diel vertical migration behavior of A. sanguinea, further field data should be accumulated.
